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Lipogenesis in the sebaceous gland provides
1) cytostructural elements necessary for common
biological functions and 2) a complex mixture of
lipids, apparently non-structural, which con-
stitute the sebum. It is the latter which confers
biosynthetic specificity on the cell and differ-
entiates sebaceous cells from other epidermal
structures.
Although certain selective influences on seburn
production are well recognized (e.g., androgenic
hormones) little is known of the extent to which
lipogenesis in sebaceous cells is determined by
factors which regulate lipid metabolism for the
body as a whole. Paramount among such factors
are nutritional status and energy requirements to
which lipid metabolism is exquisitely geared.
In our continuing inquiry into the determi-
nants of lipogenesis in sebaceous glands we have
examined their response to a manipulation de-
signed to challenge the lipogenic potential of the
entire organism; e.g., starvation. Our inquiry
has been directed to determine 1) to what degree
lipogenesis survives in the face of a generalized
eatabolic event and 2) whether such an event
exerts any selective effects on seburn production.
The experimental model for these studies was
the rat preputial gland, a modified sebaceous
gland, which provides an isolated aggregate of
sebaceous acini and ducts free from other epi-
dermal structures.
METHODS AND MATERIALS
1. Tissue: Preputial glands were obtained from
150—200 gram albino rats (Sprague-Dawley deriva-
tives obtained from the Charles River Breeding
Laboratories). When only a single gland was
excised at a time, surgical removal was effected
under light ether anesthesia. In other experi-
ments the glands were excised immediately after
animals were killed by a blow on the head.
The excised glands were dissected free of fat
and preformed sebum was gently expressed from
the main duct. They were bisected longitudinally
along the main duct and weighed.
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2. Experimental Procedures: Individual glands
were incubated in vitro in 1 ml of modified Krebs-
Ringer solution buffered with either phosphate
(KRP) or bicarbonate (KRB) at pH 7.4. The
media was supplemented with 50 jzg penicillin
and 100 jzg streptomycin per ml. In most experi-
ments the added substrate was glucose-U-C'4.
In the experiments where exogenous free fatty
acid served as substrate, palmitic 1C14 acid or
unlabelled palmitic acid, complexed to fat-free
albumin was added to the medium. The fat-free
albumin was prepared from crystalline bovine
albumin (Armour) by the method of Raben and
Hollenberg (1).
Incubations with KRP were carried out in the
Warburg apparatus at 37.5° C in ambient air for 3
hours. Oxygen consumption was measured by
standard manometric technics. Respiratory CO2
was continuously trapped in 0.2 ml 5 N NaOH in
the sidearm. After tissues and media were removed
at the end of the incubation period, 1 ml 5 N H2504
was placed in the main compartment, 0.1 ml 1 N
hyamine in methanol was added to the center well,
and the vessel was capped. The alkali was then
tipped into the main comparernent. Evolution
and trapping of C'402 in hyamine was completed
during 90 minutes of mechanical agitation at room
temperature. The hyamine was then quantita-
tively transferred to counting vials, containing
scintillation fluid, for radioactive assay.
Incubations with KRB were performed in a
Dubnoff metabolic shaker at 37.5° C for 3 hours
in an atmosphere of 5% C02—95% 02 in rubber
capped vessels. Experiments were terminated by
introduction of 1 ml 0.1 N HC1 into the main
compartment and of 0.2 ml of hyamine in methanol
into a cup suspended above the floor of the vessel.
C'402 was trapped and assayed as described above.
Analytical Methods: Media were analyzed for
glucose by the glucose oxidase method (2). The
initial concentrations of added palmitic acid were
verified by the method of Dole et al. (3).
C" tissue lipids were fractionated by the
procedure summarized in Fig. 1. A total lipid ex-
tract was prepared by homogenization of the
glands in chloroform-methanol and washed three
times with saline (4). The washed lipid extract
was dried under nitrogen and resuspended in
chloroform; it was then partitioned into phos-
pholipids and neutral lipid fractions by passage
over a silicic acid column (5 cm X 1 cm). The
phospholipids were eluted from the column with
methanol.
The neutral lipid fraction was again evaporated
to dryness and resuspended in heptane. Non-
esterified fatty acids were removed with ethanolic
NaOH by the method of Kerpel et al. (5). There-
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TISSUE HOMOGENIZED IN
LIPID FRACTIONATION METHOD
after the heptane phase was taken to dryness and
saponified in 1 N KOH in 50% ethanol for 2 hours
at 80°C.
Non-saponifiable lipids were extracted with
petroleum ether. After acidification with 1 N
H2S04, the saponifiable fatty acids were extracted
with petroleum ether.
The ion-saponifiable lipids were passed over
alumina columns and eluted with petroleum
ether. The lipid recovered in this fractioii has been
identified as squalene by Patterson (6).
Preliminary experiments showed that the
occlusive error for glucose in this procedure was
less than 0.1%. 87% of palmitate 1C14 added to
an unlabeled lipid extract was recovered in the
non-esterified fatty acid fraction. Of palmitate
1-C14 added to the neutral lipid extract prior to
saponification, less than 1.0% was recovered in
the non-saponifiable fraction.
Tissue nitrogen was assayed by a modified
Nessler method on the residue remaining after
lipid extraction (7). All radioactive assays were
performed in a Tricarb liquid scintillation counter
in a system containing 4 gm, 2:5 diphenyloxazole,
100mg 1:4 bis-2 phenyloxazole benzene in toluene-
ethanol (88:12). Statistical analysis of probability
values were calculated from the logarithms of
ratios of individual observations as described by
Finney (8).
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RESULTS
1. Effect of Starvation on Metabolism of
Preputial Glands
To examine the effects of starvation on pre-
putial gland, rats were either deprived of food
for 72 hours (starved animals) or fed ad libitum
during the same period (fed animals). Initially,
paired experiments were conducted with each
animal serving as its own control. Herein the
"control" gland was removed before starvation
or feeding and the "experimental" gland was
removed after the three day period of feeding or
starvation. The surgical manipulation did not
result in morbidity or gross local hemorrhage or
inflammation.
Immediately after excision, individual glands
were incubated in vitro in either KRP or KRT3
supplemented with 1 ic glucose-U-C'4 (2 mg/mI).
Observations in the experimental gland were
expressed as a per cent of values in the control
gland of each animal.
During the three-day period, there was an
inconstant increase in glandular weight unac-
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TABLE 1
Effect of atarvation on weight and metaboliam of paired preputial glanda
Glands incubated in KRB or KRP with glucose-U-C14, 2 mg/rn!. Values in experimental gland ex-
pressed as per cent of control gland (see text) for each pair. Mean percentages SEM for all pairs of
glands represented below.
Fed Animals Starved Animals
No. of
animals
Per cent con-
trol SEM p No. ofanimals Per cent con-trol SEM p
Weight of gland
Tissue nitrogen, (pg/mg)
Q02 (pL/mg N)
Glucose assimilation (pg/mg N)
C1402 (cpm/mg N)
Lipid C'4 (cpm/mg N)
17
17
10
17
17
15
118 9
90 7
132 12
146 19
130 9
112 9
NS
NS
<.01
NS
NS
NS
17
16
8
16
16
15
80 7
118 4
78 6
83 6
63 4
69 8
<.01
<.05
<.01
<.05
<.01
<.01
eompanied by any significant change in concen-
tration of tissue nitrogen in the glands of fed
animals (Table 1). By contrast, glandular weight
significantly declined to 80% of control values
in the starved animals, while the concentration
of tissue nitrogen rose 18%. Thus, in starvation,
total glandular nitrogen content remained almost
constant, suggesting that the loss in mass was
due to largely non-nitrogenous components such
as water, carbohydrate or lipid. Accordingly
values for metabolic observations were expressed
on the basis of tissue nitrogen ince this presum-
ably reflected more validly the metabolically
functional cell mass.
The results of the in vitro studies are summa-
rized in Table 1. Although the absolute evolution
of C1402 and incorporation of glucose C14 into
lipids was greater in KRB than KRP, the rela-
tive effects of starvation or feeding were the same
in both buffers. For purposes of convenience,
therefore, results of experiments with KRB and
KRP were pooled.
In fed animals, paralleling the increase in
weight, there was a mean augmentation of oxy-
gen consumption, glucose assimilation as well
as evolution of C'O2 and incorporation of glucose
into lipids. However, because of the irregularity
of these findings, none of these changes was
statistically significant except for the increased
oxygen consumption (p < .01). While it has
been shown by one of us (RKF) that both weight
and metabolic activity of preputial glands change
with age (9), it is unlikely that these inconstant
changes are due to the passage of 3 days. Whether
they were induced by variable subclinical trauma
due to surgery or represent a compensatory
hypertrophy in the remaining organ, cannot be
stated from the present data.
On the other hand, after 3 days of starvation,
there was a statistically significant reduction in
all metabolic parameters in the remaining "ex-
perimental" gland (Table 1). Oxygen consump-
tion declined to 78% of control values, and net
assimilation of glucose from the medium was
reduced to 83%. Concomitantly the intracellular
disposition of glucose was profoundly altered, so
that C1402 and incorporation of glucose carbon
into c24-lipids fell to 63 and 69 per cent of control
values respectively.
Since there was an apparent stimulation of
metabolic activity in the remaining gland of
"fed" animals, it is conceivable that similar
phenomena obtained in the starved animals. If
such were the case, the depressive effects ob-
served in the "experimental" gland after starva-
tion may have been minimized by simultaneous
stimulation due to removal of the contralateral
"control" gland.
To obviate such adaptive responses to surgical
manipulations, the experimental protocol was
modified in subsequent experiments designed to
characterize in greater detail the effect of starva-
tion on lipogenesis. Experiments were performed
in which glands from age and weight matched fed
animals served as controls for glands from ani-
mals which had been starved for 72 hours. After
the animals were sacrificed, each pair of glands
was incubated in duplicate vessels containing
Krebs-Ringer bicarbonate buffer supplemented
with 1 pc glucose-U-C'4 (2 mg/rnl). The tissue
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TABLE 2
Effect of starvation on the pattern of
lipo genesis from glucose in rat
preputial gland
Incubating medium contained KRB + glucose-
Ti-C'4, (2 mg/mi and 1 X 106 cpm) individual
extract components are expressed as a per cent of
radioactivity in totai lipids. Fractions inciude
phosphoiipids and neutrai iipids. The iatter was
partitioned into squaiene, and fatty acids; the
difference in counts in neutral lipids and squalene
pius fatty acids = a neutrai hpids.
Fed Starved
Number of animals
Total lipidCL4
counts/mg N SEM
6
30,000 816
6
5,300 1350
Per cent of total lipid SEM
Phosphoiipids
Neutrai lipids
Fatty acids
Squaiene
Neutrai lipids. . .
2.9 0.9
92.0 2.2
4.8 + 0.8
46.5 0.9
41.7
9.5 1.8
85.9 1.3
18.3 + 3.2
4.2 1.4
63.4
lipids were then subdivided into component
fractions which were assayed for radioactivity.
In normal fed animals, neutral lipids constitute
about 90% of the total lipids. About one half of
the neutral lipid radioactivity is present as
squalene and 5% is in fatty acids. The remaining
radioactivity in neutral lipids (designated as A
neutral lipids in Table 2) was examined in a few
experiments: 20-40% of it consisted of non-
saponifiable lipids other than squalene and 40
to 60% was present in the. aqueous residue
presumably as glycerol.
Starvation effected not only an 84% reduction
in total lipids, but also in the distribution of the
various lipid fractions (Table 2). The propor-
tional incorporation of glucose into phospholipids
and neutral lipid fatty acid acids was increased.
On the other hand, the proportion of squalene
C'4 declined to negligible levels. It is thus ap-
parent that the disproportionate reduction of
squalene synthesis makes a major contribution
to the depression of lipogenesis in the starved
preputial gland.
2. Effect of Exogenous Substrate on Metabolism
of Preputial Glands
In starvation the level of circulating free fatty
acid rises and the assimilation of glucose by
tissues declines (2, 10, 11). The possibility that
the altered lipogenesis in starved preputial
glands might be due to changes in the availability
and utilization of exogenous substrate was in-
vestigated. Glands of fed animals were incubated
in vitro with modifications of exogenous sub-
strate designed to simulate the conditions that
obtain in starvation in vivo. Two situations were
explored: 1) reduced glucose assimilation, and 2)
increased availability of extracellular free fatty
acids.
a. Reduced Glucose Flux: Glucose assimilation
was restricted by incubating randomly pooled
glands of fed animals in KRB containing 0.25,
1.0, and 2.0 mg/mI glucose-U-C1. At all con-
centrations a relatively constant proportion of
available glucose, ranging from 1.17 to 1.76%
per mg tissue, was abstracted from the medium
(Table 3). However, in contradistinction to the
findings in starvation, the proportion of glucose
oxidized to CO2 or incorporated into lipids in-
creased with decreasing availability of substrate.
Moreover, at all substrate concentrations the
proportions of total lipid radioactivity recovered
in squalene and fatty acids remained constant.
Thus the ratio of squalene to fatty acid remained
constant between 2.3 and 2.7 over an eight-fold
difference in net glucose assimilation.
b. Availability of Exogenous Fatty Acids: That
preputial glands are capable of directly utilizing
exogenous fatty acids in vitro was documented
by incubating them with albumin complexed
palmitate 1-C'4 (2 pM/ml). In the absence of
glucose (Table 4) there was oxidation of palmi-
tate but no significant esterification or incorpora-
tion into squalene. In the presence of unlabelled
glucose (2 mg/mI), oxidative decarboxylation
was somewhat reduced, but esterification of
palmitate occurred readily although there was
still negligible conversion of carbon 1 of palmitate
to squalene.
To assess the effect of the presence of exogenous
free fatty acid on the disposition of substrate
glucose, preputial glands of fed animals were
incubated with glucose-U-C'4 (2 mg/ml) in the
presence of albumin complexed palniitate (1 to
4 pM/ml).
At a concentration of 1 pM/mI palmitate did
not significantly alter the metabolic disposition
of glucose-U-C'4. At 4 pM/mI palmitate, certain
of the changes occurring with starvation were
reproduced. Thus both the oxidative decarboxyl-
ation of glucose and the incorporation of glu-
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TABLE 3
Metabolism of glucose-U-C'4 at varying concentrations by rat preputial gland in vitro
Glands incubated in KRB plus glucose-TI-C'4 at 0.25, 1.0 and 2.0 mg/mi and constant radioactivity
of 1 c/ml. Results expressed as per cent of total added glucose per mg initial wet weight. 8 glands were
used at each concentration.
Initial Glucose Concentration (mg/mi)
cose into tissue lipids was reduced (Table 5).
Bowever, although the pattern of component
lipids was altered, the disparate change in the
proportional distribution of fatty acids and squa-
lene, characteristic of starvation, was not ob-
served. On the contrary, both fatty acids and
squalene were depressed to a greater extent than
the total lipids (this depression was statistically
8ignificant at the 5% level by Student t test), but
the ratio of fatty acid to squalene remained con-
8tant.
DISCUSSION
The studies reported here show that the metab-
olism of a modified sebaceous tissue is acutely
modified by starvation. There is a reduction in
glucose utilization and a marked decline in the
oxidative disposition of glucose accompanied by
depression of oxygen consumption. Moreover,
the primary biosynthetic activity of the gland,
e.g., lipogenesis is profoundly depressed.
Reduction in glucose utilization and depression
of the metabolic disposition of glucose have been
described in other tissues in starvation and similar
phenomena have been observed in tissues of
diabetic animals (12). Evidence of a reduced
insulin output as well as the metabolic effects of
altered substrates have been implicated in these
phenomena (13). However, alterations in lipo-
genetic patterns in starved tissues have not been
extensively examined.
In the starved preputial glands, in addition
to a generalized reduction of metabolic activity,
there is a striking alteration in the pattern of
lipogenesis. Incorporation of glucose into neutral
TABLE 4
Utilization of palmitate 1-C'4 by fed rat
preputial glands in vitro
Incubating medium contained KRB + 2%
fat free albumen, 2 jiM/mi palmitate 1-C'4 with
(+) or without (—) glucose 2 mg/ml. Results
expressed as per cent of total added radioactive
palmitate per mg tissue N.
Glucose
Per Cent of Initial
Radioactivity
- +
Number of animals
C1O2
Esterified fatty acid C'. . .
Squalene C'4
6
2.02
0.02
0.01
6
1.58
0.63
0.04
lipid fatty acids and phospholipids is relatively
well preserved but squalene production becomes
almost negligible. That this is not due to a
special vulnerability of squalene synthesis to
diminished oxidative metabolism is suggested by
the enhanced squalene synthesis observed in rat
skin under reduced oxygen tension by Gaylor
(14). It thus seems that the deleterious effects
of starvation are exercised least on lipids im-
portant in cytostructure, such as phospholipids
and other esterified moieties, and most pro-
foundly on a non-structural or "secretory" lipid
such as squalene.
Consideration of the effect of starvation on
the metabolism of a given tissue must include
recognition of 1) intrinsic changes which deter-
mine assimilative capacities and mechanisms
.25 1.0 2.0
Glucose assimilation
C'402
Total lipid C14
Squalene C'4
Fatty acid C'4
Per cent of initial glucose concentration + SEM
1.17
.360
.136
.060
.024
.34
.050
.032
.012
.012
1.76
.180
.073
.032
.012
.73
.010
.027
.006
.004
1.42
.110
.049
.021
009
.25
.061
.030
.009
.001
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TABLE 5
Effect of fatty acid on metabolism of glucose-
UC14 by rat preputial gland
Paired glands from fed animals incubated in
KRB + 2% fat free albumen with glucose-U-C14
(2 mg/mI) and with or without palmitate (1 or 4
pM/mI). Results in cpm/mg tissue in presence of
palmitate are expressed as per cent of values in
absence of palmitate for each pair of glands. 6
animals were used for each concentration of fatty
acid.
Concentration Palmitate
1 pM/mi 4 pM/mi
Per cent control values SEM
C1402
Total lipid C14
Squalene C14
FattyacidC14
92±7 86±6
99 4 77 4
94 5 62 5
93±8 67±4
for substrate disposition and 2) the alteration in
substrate exogenously presented to the tissue,
e.g., the increased availability of the products of
fat catabolism. To what extent such intracellular
realignments are hormonally mediated has not
yet been clarified.
In endeavors to elucidate these varied conse-
quences of starvation we examined the possible
contributory role of altered exogenous substrate
and reduced assimilative capacities for glucose.
First, we wondered whether the limitation of
available glucose due to reduced assimilation,
might produce a preferential channelling of its
metabolism. Thus, exogenous glucose was
provided to normal tissues in a concentration
that yielded a net uptake far below that observed
in starved tissues. The metabolic disposition of
this limited quantity of substrate was directly
counter to that documented in starvation: e.g.,
a greater proportion of abstracted glucose was
converted to CO2 and lipids, but the pattern of
lipogenesis was unchanged.
Secondly, the effect of exogenous fatty acids
on glucose metabolism was considered. It was
demonstrated that, like muscle, liver and other
tissues (12), this modified sebaceous gland is
capable of assimilating, oxidizing and directly
esterifying an exogenous long chain fatty acid
such as palmitate 1C14.
In fed preputial glands, the appropriate con-
centration of exogenous palmitic acid does indeed
reduce the conversion of glucose to CO2 and
total lipids. However, although the fatty acids
induced changes in oxidative and lipogenetic
disposition of glucose similar to those in starva-
tion, the effect on the pattern of individual lipid
components is distinctly different. Instead of
changing, the ratio of squalene to fatty acid
remains constant and both lipids constitute
smaller proportions of the total lipid.
It has been previously reported by N. Freinkel
et at (15) that the presence of fatty acids enhances
the formation of glycerol from glucose in sheep
thyroid slices. As one explanation of this observa-
tion they suggested the possibility that the
generation of reduced diphosphopyridine nucleo-
tides during fatty acid catabolism may favor
the formation of glycerol phosphate from di-
hydroxyacetone. The findings of Garland and
Randle (16), that palmitic acid enhances the
lactate /pyruvate ratio and increases the con—
centration of glycerol phosphate in the rat
hemidiaphragm is in accord with this hypothesis.
In the preputial gland, the presence of fatty
acids might likewise enhance the formation of
glycerol while depressing the synthesis of fatty
acids and squalene from glucose. Esterification of
such glycerol to the available unlabelled palmitic
acid would then contribute to the total lipid
radioactivity and result in an altered relation
between total lipids and various component
moieties. Whether such a relative increase in
glycerol formation obtains in the starved prep-
aration cannot be stated from the present data.
It is apparent, however, that the discrepancy
between the synthesis of squalene and fatty
acids cannot be reproduced either by short term
exposure to high concentrations of extracellular
fatty acids or an acute reduction of glucose flux.
However, the possibility that prolonged in vivo
exposure to high concentrations fatty acids
produces adaptive changes in lipogenetic path-
ways cannot be excluded.
Thus the findings suggest that while certain
of the changes in preputial gland metabolism
induced by starvation may result from altered
substrate flux, other factors must be implicated.
These may act upon selective metabolic path-
ways within the functioning sebaceous cell.
Alternatively, since squalene accumulation seems
to be a specific property of sebaceous cells, the
shift in lipid patterns may reflect a shift in cell
population with suppression of sebaceous cell
maturation. Among the changes consequent
DIETARY DEPRIVATION AND LIPOGENESIS IN SEBACEOUS GLANDS 331
upon starvation which might mediate such effects
are disruptions of hormone balance or mobiliza-
tion of intracellular substrate. The role of these
factors is currently under investigation.
Finally it is apparent from the present studies
that the acute limitation of squalene synthesis
induced in preputial glands by starvation
provides a system in which determinants of
lipogenesis in sebaceous structures may be further
elucidated.
SUMMARY AND CONCLUSIONS
1. The metabolism of a modified sebaceous
structure, the rat preputial gland, has been
examined after starvation. It has been shown
that starvation depresses oxidative metabolism
and the oxidative lipogenic disposition of glucose
in vitro. In addition there is an alteration in
the pattern of lipogenesis consisting of a selective
depression of squalene synthesis with a relative
preservation of fatty acid generation.
2. The role of the altered substrate interac-
tions, induced by starvation, on glandular
metabolism has been explored. The data suggest
that while the increased availability of the
products of fat metabolism may be partially
responsible for the altered disposition of glucose,
other factors must be invoked to explain the
change in lipogenic patterns.
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